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Recent Developments in Spacetime-Symmetry tests in Gravity
Q.G. Bailey
Embry-Riddle Aeronautical University,
Prescott, AZ 86301, USA
We summarize theoretical and experimental work on tests of CPT and local
Lorentz symmetry in gravity. Recent developments include extending the ef-
fective field theory framework into the nonlinear regime of gravity.
1. Introduction
Motivated by potentially detectable but minuscule signatures from Planck-
scale or other new physics, there has been a substantial increase in tests of
spacetime symmetry in gravity in recent years.1,2 Some novel hypothetical
effects that break local Lorentz symmetry and CPT symmetry in gravita-
tional experiments as well as solar system and astrophysical observations
have been studied in recent works.3 Much of this work uses the effective
field theory framework, the Standard-Model Extension (SME), that in-
cludes gravitational couplings.4,5 In other cases, the parameters in specific
hypothetical models of Lorentz violation in gravity have been tested.6
2. Framework
The general framework of the SME in the pure-gravity sector can be re-
alized as the Einstein-Hilbert action plus a series of terms formed from
indexed coefficients, explicit or dynamical, contracted with increasing pow-
ers of curvature and torsion. Each term in this series maintains observer
invariance of physics, while breaking “particle” invariance, with respect to
local Lorentz symmetry and diffeomorphism symmetry.5
One interesting and practical subset of the SME is a general description
of CPT and Lorentz violation that is provided by an expansion valid for
linearized gravity (gµν = ηµν + hµν). For instance, in this approximation
the Lagrange density for General Relativity (GR) plus the mass dimension
4 and 5 operators controlling local Lorentz and CPT violation are given
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by7–9
L = − 14κ (h
µνGµν − s
µκhνλGµνκλ +
1
4hµν(q
(5))µρανβσγ∂βRρασγ + ...), (1)
where κ = 8πGN , and the double dual curvature G and the Riemann cur-
vature Rρασγ are linearized in hµν . This lagrange density maintains lin-
earized diffeomorphism invariance, though generalizations exist10, and sµν
and (q(5))µρανβσγ are the coefficients controlling the degree of symmetry
breaking (they are zero in GR).
3. Experiment and Observation
The mass dimension 4 Lagrange density, the minimal gravity SME, has
now been studied in a plethora of tests. The best controlled and simulta-
neous parameter-fitting limits come from lunar laser ranging11, and other
laboratory experiments such as gravimetry.12 These place limits on the sµν
coefficients at the level of approximately 10−7 − 10−8 on the 3 sTJ and
10−10 − 10−11 on 5 of the sJK coefficients. Stronger limits can be coun-
tenanced from distant cosmic rays14, and one combination of coefficients
is bounded at 10−15 by the multimessenger neutron star inspiral event in
2017.13 Other searches for these coefficients include ones with pulsars.15
For the mass dimension 5 coefficients in (1) that break CPT symmetry,
the post-Newtonian phenomenology includes a velocity-dependent inverse
cubic force. This leads to an extra term in the relative acceleration of two
bodies given by16
δaj =
GNMv
k
r3
(
15nlnmnnn[jKk]lmn
+9nlnmK[jk]lm − 9n[jKk]llmn
m − 3K[jk]ll
)
, (2)
where Kjklm are linear combinations of the coefficients q in the lagrange
density (1), ~r is the separation between the bodies and nˆ = ~r/r.
Measurements of the mass dimension 5 coefficients in (2) are currently
scarce. There is one constraint on a combination of dimension 5 and 6 co-
efficients from Ref. 9 in searches for dispersion of gravitational waves from
distant sources and analysis with multiple gravitational wave events is un-
derway.19 Disentangled constraints on the Kjklm coefficients from analysis
of pulsar observations exists at the level of 106 meters.20 This leaves room
for potentially large, “countershaded” symmetry breaking to exist in na-
ture.21 Higher-order terms in the series, at mass dimension 6 and beyond,
have been constrained in short-range gravity tests.22
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4. Extension to the nonlinear regime
While the general form for linearized gravity has been explored, only several
works have explored the general SME framework beyond linearized grav-
ity.23 One approach is to extend the general lagrange density for linearized
gravity (which is quadratic order in the metric fluctuations) to include
terms of cubic and higher order terms. If we adopt the point of view of
spontaneous symmetry breaking (SSB), one must consider the dynamics
of the coefficients for Lorentz violation. Considering the case of a sym-
metric two tensor sµν being the Lorentz-breaking field, it is expanded in
the SSB scenario as sµν = sµν + s˜µν , where sµν are the vacuum expecta-
tion values and s˜µν are the fluctuations. The Lagrange density is a series
L = L(2) + L(3) + ... where (2) and (3) indicate the order in fluctuations
hµν or s˜µν . A general conservation law
18, contained in equation (9) of Ref.
17, can be used to constrain the terms in the series. In the example of sµν
it takes the form
∂β
(
δL
δhγβ
)
+Γγαβ
(
δL
δhαβ
)
+ gδγsδα∂β
(
δL
δs˜αβ
)
+ gδγΓ˜δαβ
δL
δhαγ
= 0, (3)
where Γ˜δαβ = (∂αs˜βδ + ∂β s˜αδ − ∂δ s˜αβ)/2. This equation holds “off-shell”,
assuming the action obtained from L is diffeomorphism invariant.
In the case of the minimal SME with just sµν , the Lagrange den-
sity is constructed from all possible contractions of generic terms of
the quadratic form sαβhγδ∂ǫ∂ζhηθ, s˜αβ∂γ∂δ s˜ǫζ , s˜αβ∂γ∂δhǫζ , ..., the cubic
form sαβhγδhǫζ∂η∂θhκλ, sαβhγδ∂ǫhζη∂θhκλ, hαβ s˜γδ∂ǫ∂ζ s˜θκ, ..., and poten-
tial terms. The sum of all such terms, each with an arbitrary parameter, is
inserted into (3) and the resulting linear equations for the parameters are
solved. What remains, up to total derivative terms in the action, are a set
of independently diffeomorphism invariant terms. As an example of such a
term produced by this expansion, we find to cubic order
L ⊃ sαβ s˜
αβR(1) + 12 s˜αβ s˜
αβR(1) − 2hαβs γα s˜βγR
(1)
+sαβ s˜
αβ(ΓαβγΓ
αβγ − ΓαββΓ
γ
αγ +
1
2h
α
αR
(1) − 2hαβR
(1)
αβ), (4)
where the (1) superscript indicates linear order in hµν and the connec-
tion coefficients are at linear order. Note that this construction generally
includes dynamical terms for the fluctuations and so does not assume “de-
coupling”.24
The construction including all such terms allows exploration of the
regime in gravity where nonlinearities need to be considered.25,26 This in-
cludes higher order post-Newtonian gravity in weak-field systems and de-
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veloping a multipole expansion for gravitational waves affected by Lorentz
violation.
Acknowledgments
This work was supported by the National Science Foundation under grant
no. 1806871 and Embry-Riddle Aeronautical University’s FIRST grant pro-
gram.
References
1. V.A. Kostelecky´ and S. Samuel, Phys. Rev. D 39, 683 (1989).
2. Data Tables for Lorentz and CPT Violation, V.A. Kostelecky´ and N. Russell,
2019 edition, arXiv:0801.0287v12.
3. C.M. Will, Living Rev. Rel. 17, 4 (2014); J.D. Tasson, Rept. Prog. Phys. 77,
062901 (2014); A. Hees et al., Universe 2, 30 (2016); Fundam. Theor. Phys.
196, 317 (2019).
4. D. Colladay and V.A. Kostelecky´, Phys. Rev. D 55, 6760 (1997); Phys. Rev.
D 58, 116002 (1998).
5. V.A. Kostelecky´, Phys. Rev. D 69, 105009 (2004).
6. N. Yunes et al., Phys. Rev. D 94, 084002 (2016); E. Berti et al., Gen. Rel.
Grav. 50, 46 (2018).
7. Q.G. Bailey and V.A. Kostelecky´, Phys. Rev. D 74, 045001 (2006).
8. Q.G. Bailey et al., Phys. Rev. D 91, 022006 (2015).
9. V.A. Kostelecky´ and M. Mewes, Phys. Lett. B 757, 510 (2016).
10. V.A. Kostelecky´ and M. Mewes, Phys. Lett. B 779, 136 (2018).
11. A. Bourgoin et al., Phys. Rev. Lett. 117, 24130 (2016); Phys. Rev. Lett.
119, 201102 (2017).
12. H. Mu¨ller et al., Phys. Rev. Lett. 100, 031101 (2008); K.-Y. Chung et al.,
Phys. Rev. D 80, 016002 (2009); N. A. Flowers et al., Phys. Rev. Lett. 119,
201101 (2017); C.-G. Shao et al., Phys. Rev. D 97, 024019 (2018).
13. B.P. Abbott et al., Astrophys. J. 848, L13 (2017).
14. V.A. Kostelecky´ and J.D. Tasson, Phys. Lett. B 749, 551 (2015).
15. L. Shao, Phys. Rev. Lett. 112, 111103 (2014);Phys. Rev. D 90, 122009 (2014).
16. Q.G. Bailey and D. Havert, Phys. Rev. D 96, 064035 (2017).
17. R. Bluhm, A. Sehic, Phys. Rev. D 94, 104034 (2016).
18. R. Bluhm, Phys. Rev. D 91, 065034 (2015).
19. M. Mewes, Phys. Rev. D 10, 104062 (2019); Kellie Ault-O’Neal, these pro-
ceedings.
20. L. Shao and Q.G. Bailey, Phys. Rev. D 98, 084049 (2018).
21. V.A. Kostelecky´ and J. Tasson, Phys. Rev. Lett. 102, 010402 (2009).
22. C.G. Shao et al., Phys. Rev. Lett. 117, 071102 (2016); Phys. Rev. Lett.
122, 011102 (2019); V.A. Kostelecky´ and M. Mewes, Phys. Lett. B 766, 137
(2017).
23. Y. Bonder, Phys. Rev. D 91, 125002 (2015); Symmetry 10, 433 (2018); Y.
Bonder and G. Leon, Phys. Rev. D 96, 044036 (2017); R. Casana et al.,
Proceedings of the Eighth Meeting on CPT and Lorentz Symmetry (CPT’19), Indiana University, Bloomington, May 12–16, 2019
5
Phys. Rev. D 97, 104001 (2018); N.A. Nilsson et al., these proceedings,
arXiv:1905.10414.
24. M. Seifert, Phys. Rev. D 79,124012 (2009); Symmetry 10, 490 (2018).
25. Q.G. Bailey, Phys. Rev. D 94, 065029 (2016).
26. Q.G. Bailey, manuscript in preparation.
